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We present the first search for bosonic super-WIMPs as keV-scale dark matter candidates per-
formed with the Gerda experiment. Gerda is a neutrinoless double-beta decay experiment which
operates high-purity germanium detectors enriched in 76Ge in an ultra-low background environment
at the Laboratori Nazionali del Gran Sasso (LNGS) of INFN in Italy. Searches were performed for
pseudoscalar and vector particles in the mass region from 60 keV/c2 to 1 MeV/c2. No evidence for
a dark matter signal was observed, and the most stringent constraints on the couplings of super-
WIMPs with masses above 120 keV/c2 have been set. As an example, at a mass of 150 keV/c2 the
most stringent direct limits on the dimensionless couplings of axion-like particles and dark photons
to electrons of gae < 3 · 10−12 and α′/α < 6.5 · 10−24 at 90% credible interval, respectively, were
obtained.
PACS numbers: 95.35.+d,14.80.Mz,27.50.+e, 29.40.Wk
The evidence for the existence of nonbaryonic dark
matter (DM) in our Universe is overwhelming. In partic-
ular, recent measurements of temperature fluctuations in
the cosmic microwave background radiation yield a 26.4%
contribution of DM to the overall energy density in the
ΛCDM model [1]. However, all evidence is gravitational
in nature, and the composition of this invisible form of
matter is not known. Theoretical models for particle DM
yield candidates with a wide range of masses and scat-
tering cross sections with Standard Model (SM) parti-
ar
X
iv
:2
00
5.
14
18
4v
1 
 [h
ep
-ex
]  
28
 M
ay
 20
20
2cles [2–4]. Among these, so-called bosonic super-weakly
interacting massive particles (super-WIMPs) with masses
at the keV-scale and ultra-weak couplings to the SM can
be cosmologically viable and produce the required relic
abundance [5, 6].
Direct DM detection experiments, as well as experi-
ments built to observe neutrinoless double-beta (0νββ)
decay can search for pseudoscalar (also known as axion-
like particles, or ALPs) and vector (also known as dark
photons) super-WIMPs via their absorption in detector
materials in processes analogous to the photoelectric ef-
fect (also known as axioelectric effect in the case of ax-
ions). The ALP and dark photon energy is transferred
to an electron, which deposits its energy in the detec-
tor. The expected signature is a full absorption peak in
the energy spectrum, corresponding to the mass of the
particle, given that these DM candidates have very small
kinetic energies [7]. For ALPs the coupling to electrons
is parameterised via the dimensionless coupling constant
gae [8], while for dark photons a kinetic mixing α
′ with
strength κ [9] is introduced in analogy to the electromag-
netic fine structure constant α, such that α′ = (eκ)2/4pi.
The most stringent direct constraints on these cou-
plings for particle masses at the keV-scale are set by ex-
periments using liquid xenon (xmass, Pandax-II, lux,
xenon100, [10–13]), germanium crystals (Majorana
Demonstrator, Supercdms, Edelweiss, cdex, [14–
17]) and calcium tungstate crystals (cresst-II [18]). To-
gether, these experiments probe the super-WIMP mass
region up to ∼500 keV/c2.
Here we describe a search for super-WIMP absorption
in the germanium detectors operated by the Gerda col-
laboration, extending for the first time the mass region to
1 MeV/c2. At masses larger than twice the electron mass
vector particles can decay into (e+, e−)-pairs and their
lifetime would be too short to account for the DM [6].
The primary goal of Gerda is to search for the
0νββ decay of 76Ge, deploying High-Purity Germanium
(HPGe) detectors enriched up to 87% in 76Ge. The
experiment is located underground at the Laboratori
Nazionali del Gran Sasso (LNGS) of INFN, Italy, at a
depth of about 3500 meter water equivalent. The HPGe
detector array is made of 7 enriched coaxial and 30 Broad
Energy Germanium (BEGe) diodes, with average masses
of 2.2 kg and 667 g, respectively, leading to a higher full
absorption efficiency for the larger coaxial detectors. It
is operated inside a 64 m3 liquid argon (LAr) cryostat,
which provides cooling and a high-purity, active shield
against background radiation. The cryostat is inside a
water tank instrumented with PMTs to detect Cherenkov
light from muons passing through, and thus reduces the
muon-induced background to negligible levels. A detailed
description of the experiment can be found in [19], while
the most recent 0νββ decay results are presented in [20].
Due to its ultra-low background level [21] and excellent
energy resolution (∼3.6 keV and ∼3.0 keV full width at
half maximum (FWHM) for coaxial and BEGe detectors
at Qββ=2039 keV, respectively), the Gerda experiment
is well-suited to search for other rare interactions, in par-
ticular for peak-like signatures as expected from bosonic
super-WIMPs. Here we make the assumption that super-
WIMPs constitute all of the DM in our galaxy, with a
local density of 0.3 GeV/cm3 [22]. The absorption rate
for dark photons and ALPs in an Earth-bound detector
can be expressed as [5]:
R ≈ 4 · 10
23
A
α′
α
(
[keV/c2]
mv
)(
σpe
[b]
)
kg−1d−1 (1)
and
R ≈ 1.2 · 10
19
A
g2ae
(
ma
[keV/c2]
)(
σpe
[b]
)
kg−1d−1 , (2)
respectively. Here gae and α
′/α are the dimensionless
coupling constants, A is the atomic mass of the absorber,
σpe is the photoelectric cross section on the target mate-
rial (germanium), and mv and ma are the DM particle
masses. The linear versus inverse proportionality of the
rate with the particle mass is due to the fact that rates
scale as flux times cross section, where the cross section
is proportional to m2a and α
′/α in the pseudoscalar and
vector boson case, respectively [5].
We perform the search for super-WIMPs in the
(200 keV/c2 - 1 MeV/c2) mass range on data collected
between December 2015 and April 2018, corresponding
to 58.9 kg·yr of exposure. The energy threshold of the
HPGe detectors was lowered in October 2017 and en-
abled a search in the additional mass range of (60 keV/c2
- 200 keV/c2), corresponding to 14.6 kg·yr of exposure ac-
cumulated until April 2018. The individual exposures for
BEGe and coaxial detectors above (below) 200 keV are
30.8 (7.7) and 28.1 (6.9) kg·yr, respectively. The lower
energy bounds for our analysis were motivated by the en-
ergy thresholds of the Ge detectors and the shape of the
background spectrum (dominated by 39Ar decays) and
the size of the fit window as explained in the following.
In Gerda the energy reconstruction of events is per-
formed through digital pulse processing [23]. Events of
non-physical origin such as discharges are rejected by a
set of selection criteria based on waveform parameters
(i.e., baseline, leading edge, and decay tail). The effi-
ciency of these cuts for accepting signal events was esti-
mated at > 98.7%. Since super-WIMPs would interact
only once in a HPGe diode, events tagged in coincidence
with the muon or LAr vetos, or observed in more than
one germanium detector, were rejected as due to back-
ground interactions. We use the same set of cuts as in the
Gerda main analysis for the 0νββ decay [20], with the
exception of the pulse shape discrimination cut, which
had been tailored to the high-energy 0νββ decay search.
The muon and LAr veto accept signal events with effi-
ciencies of 99.9% [24] and 97.5% [20], respectively.
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FIG. 1. The energy spectra of the BEGe and coaxial data sets, normalized by exposure. Only events with energies up to
1 MeV were considered in the analysis. The coaxial data set shows a significantly higher event rate (mainly from 39Ar decays)
at energies below 500 keV due to the larger surface area of the signal readout electrodes [20]. The dashed lines indicate the
positions of the main known background gamma lines, also listed in Table II.
The total efficiency to observe a super-WIMP absorp-
tion in the HPGe diodes was determined as:
tot = cuts
1
E
Ndet∑
i
Ei · fav,i · fep,i , (3)
where the efficiency of the event selection criteria cuts
and the exposure E of each data set were taken into ac-
count. The index i runs over the individual detectors
of that data set, containing Ndet detectors, Ei is the ex-
posure, fav,i the active mass fraction, and fep,i the ef-
ficiency for detection of the full energy absorption of an
electron emitted in the interaction. With the exception of
fep,i all parameters were identical to those in the analy-
sis presented in [20]. The full-energy absorption efficiency
fep,i accounts for partial energy losses, for example in a
detector’s dead layer. This efficiency was estimated for
each detector at energies between 60 and 1000 keV with
a Monte Carlo simulation of uniformly distributed elec-
trons in the active volume of the detector using the MaGe
framework [25].
Table I shows the average full energy absorption de-
tection efficiencies fep and the total efficiencies tot at
the lower and upper boundaries of the search region. At
60 keV, the full energy absorption was estimated as 99.5%
for all detectors, while at 1000 keV it is 95.1% and 96.2%
on average for BEGe and coaxial detectors, respectively.
The energy dependence of the efficiency is caused by the
photoabsorption cross section and the different size of the
germanium diodes. The events which survived all selec-
tion criteria (with total efficiencies between 85.7% and
81.4%, see Table I) are shown in Fig. 1 for the coaxial
and BEGe detector data sets.
The expected signal from super-WIMPs has been mod-
eled with a Gaussian peak broadened by the energy res-
olution of the HPGe detectors. To estimate the poten-
TABLE I. Detection efficiencies for the super-WIMP search.
The average 〈fep〉 value for the detectors from one data set
and the total efficiency tot are shown at 60 keV and 1000 keV
for the two data sets.
BEGe Coaxial
〈fep〉|E= 60 keV 99.5% 99.5%
〈fep〉|E= 1000 keV 95.1% 96.2 %
tot|E= 60 keV 85.7% 84.2%
tot|E= 1000 keV 82.0% 81.4%
TABLE II. Gamma lines accounted for in the background
model for the super-WIMP search (branching ratio above
0.1%).
Isotope of origin Energy [keV]
228Ac 478.3, 911.2, 969.0
208Tl 583.2
212Pb 238.6
214Pb 242.0, 295.2, 352.0
214Bi 609.3
85Kr 514.0
e+e−-annih. 511.0
tial signals from these particles we performed a binned
Bayesian fit (with a 1 keV binning, while the system-
atic uncertainties on the energy scale are estimated at
0.2 keV) of the signal and a background model of the
data. The fit was performed within a window of 24 keV
in width, centered on the energy corresponding to the
hypothetical mass of the particle and sliding with 1 keV
step to examine each mass value. The total number of
counts from signal and background was determined as
follows:
Rtot(E) = G0(N0, E0, σ0)+F (E)+Gγ(Nγ , Eγ , σγ) , (4)
where the Gaussian function G0 models the peak signal
4of super-WIMPs at a fixed energy E0, corresponding to
their mass. The Gaussian Gγ models the background
gamma lines with energy Eγ listed in Table II in case it
is found within the sliding fit window. For more than one
background gamma line the Eq. 4 is modified accordingly
to model all the peaks. N0 and Nγ are the counts in the
fitted signal and background peaks, respectively. The ef-
fective energy resolutions σ0 and σγ of the detectors from
the combined spectra are fixed to the values obtained
from the regularly acquired calibration data, with sys-
tematic uncertainties around 0.1 keV [20]. Finally, the
polynomial fit function F (E) describes the continuous
background, and was chosen as a first- and second-order
polynomial for energies above and below 120 keV, respec-
tively. The higher order polynomial at lower energies is
motivated by the curvature of the 39Ar beta spectrum,
see Fig. 1. At other energies, the spectrum has an ap-
proximately linear shape, and thus a first-order polyno-
mial was judged sufficient.
The Bayesian fit was performed with the BAT frame-
work [26] using the Markov Chain Monte Carlo technique
[27] to compute the marginalized posterior probability
density function (PDF) given energy values of the data
E, P (RS|E), where RS is the signal rate, i.e., the number
of counts normalized by exposure.
The probability for the signal count rate
P (RS ,θ|E,M), given data E and a model M, is
described by Bayes’ theorem as:
P (RS ,θ|E,M) = P (E|RS ,θ,M)pi (RS)pi(θ)∫ ∫
P (E|RS ,θ,M)pi (RS)pi(θ)dθdRS .
(5)
The denominator defines the overall probability of ob-
taining the observed data given a hypothetical signal.
The numerator includes prior probabilities pi for the sig-
nal count rate RS and for the nuisance parameters θ (e.g.,
background shape) estimated before performing the fit.
For θ, flat priors were adopted, bound generously accord-
ing to a preliminary fit with the Minuit algorithm [28].
For the signal count rate, RS , the uniform (i.e., con-
stant over the defined range) prior probability was con-
structed to be positive, with the upper bound defined
by the total number of events in the signal region plus
10 times the expected Poisson fluctuations. The condi-
tional probability P (E|RS ,θ,M) is estimated according
to the super-WIMP interaction model given by Eq. 4 and
Poisson fluctuations in the data.
The reported results were obtained from the combined
fit of the BEGe and coaxial data sets. First, the BEGe
data set was fit using a flat prior for the signal count rate
RS , and the obtained posterior was used as a prior for
the fit of the Coaxial data set. The results of the latter
were then employed to evaluate the corresponding cou-
pling constants of the super-WIMPs. The detection of
the signal is ruled out when the significance of the best
fit value for the count rate is less than 5 sigma, estimated
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FIG. 2. Best fit (red lines) and 68% uncertainty band (yellow
bands) from marginalised posterior PDFs of the model param-
eters assuming a hypothetical signal at E0 in the BEGe data
set. Top: Fit of a signal assumed at E0=520 keV; the excess
is at a level of 2.6σ. A first order polynomial is used for the
continuous background and a Gaussian for the background
gamma line due to the decay of 85Kr. Bottom: Fit of a signal
assumed at E0=87 keV, using a second order polynomial for
the continuous background.
as half of the 68% quantile of the posterior PDF. Addi-
tionally, if a fitted signal is in close proximity (within 5 σ
of the energy resolution) to a known background gamma
line, an upper limit was set irrespective of the mode,
as uncertainties in the background rate do not allow to
reliably claim an excess signal above gamma lines. An
example for the fit using the model described by Eq. 4
for two different background functions F (E) is shown in
Fig. 2.
The obtained posterior PDFs do not show evidence
for a signal in the energy range of the analysis. We thus
set 90% credible interval (C.I.) upper limits on the sig-
nal count rate, corresponding to the 90% quantile of the
posterior PDF P (RS|E), accounting for the detection ef-
5ficiencies according to Eq. 3.
The 90% C.I. limits on the signal rate RS were
converted into upper limits on the coupling strengths
using Eqs. 1 and 2. The results are presented in
Fig. 3. We compare these to direct detection limits from
cdex [17], Edelweiss-III [16], lux [12], the Majorana
Demonstrator [14], Pandax-II [11], Supercdms [15],
xenon100 [13] and xmass [10], as well as to indirect lim-
its from horizontal branch and red giant stars [5]. Above
120 keV/c2 indirect α′/α limits from decays of vector-like
particles into three photons (V → 3γ) are significantly
lower (ranging from 10−12 at masses of 100 keV/c2 to
10−16 at 700 keV/c2) than the available direct limits (not
shown) [6]. The improvement in sensitivity with respect
to other crystal-based experiments is due to the much
larger exposure in Gerda and the lower background rate
over all of the search region.
The weakening of our upper limits with increasing
mass is primarily due to the steep decrease of the pho-
toelectric cross section from about 45 barn at 100 keV to
0.085 barn at 1 MeV that overrules both the linear and
inverse mass dependence in Eqs. 1 and 2. The fluctu-
ations in the upper limit curves are due to background
fluctuations, where prominent peaks come from known
gamma lines, shown in Table II.
To summarise, in this Letter we demonstrated the ca-
pability of Gerda to search for other rare events besides
the 0νββ decay of 76Ge. We performed a search for keV-
scale DM in the form of bosonic super-WIMPs based on
data with exposures of 58.9 kg·yr and 14.6 kg·yr in the
mass ranges of (200 keV/c2-1 MeV/c2) and (60 keV/c2-
200 keV/c2), respectively. Upper limits on the coupling
strengths gae and α
′/α were obtained from a Bayesian
fit of a background model and a potential peak-like
signal to the measured data. Our limit is compatible
with other direct searches in the mass range (60 keV/c2-
120 keV/c2) where the strongest limits were obtained by
xenon-based DM experiments due to higher exposures
and lower background rates in this low-energy region.
Our search probes for the first time the mass region up
to 1 MeV/c2 and sets the best direct constraints on the
couplings of super-WIMPs over a large mass range from
(120 keV/c2-1 MeV/c2). As an example, at a mass of
150 keV/c2 the most stringent direct limits on the dimen-
sionless couplings of axion-like particles and dark photons
to electrons of gae < 3 · 10−12 and α′/α < 6.5 · 10−24 (at
90% C.I.), respectively, were established. The limits are
affected by the known background gamma lines, listed in
Table II, due to higher background rate at these energies.
The sensitivity to new physics is expected to improve
in the near future with the upcoming Legend-200 ex-
periment. The experimental program aims to decrease
the background rate and increase the number of HPGe
detectors operated in an upgraded Gerda infrastructure
at LNGS [29].
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